urinalysis consists of macroscopic examination (including urine specific gravity), biochemical analysis, and microscopic urine sediment examination. Of these, sediment examination is the most technically difficult. Microscopic urine sediment examination is time-consuming and, based on studies performed in human medical laboratories, is associated with high interobserver variability. [1] [2] [3] In our experience, many veterinarians and veterinary technicians have limited training in urine sediment analysis, and urine sediment evaluation in veterinary practices suffers from similar interobserver variability as documented in human medicine. Unfamiliarity with the identification of formed elements in urine as well as the microscope adjustments required for effective examination of urine are some of the reasons urine sediment evaluation may be inconsistently performed in veterinary practices.
In human medicine, several instruments have been introduced in an attempt to automate urine sediment analysis. The UF series (eg, UF-100; Sysmex Corporation, Kobe, Japan) classifies particles in urine based on flow cytometric analysis, whereas the iQ200 (Iris Diagnostics, Chatsworth, California) and UriSed (77 Elektronika, Budapest, Hungary) use imaging flow cytometry or a camera-microscope system, respectively, to record images of the urine sediment, followed by the identification of formed elements using image recognition software.
Overall, these instruments demonstrate good agreement with manual microscopy for the detection of red blood cells (RBC), white blood cells (WBC), and squamous epithelial cells (sqEPI), although performance for non-squamous epithelial cells (nsEPI), casts, crystals, bacteria, and yeast is less reliable. [4] [5] [6] Automated urine sediment analyzers can provide advantages over manual microscopy, including higher intra-assay precision, 4,7-10 faster turnaround time, 6, 9, 11, 12 and the requirement of a small sample volume. A combination of automated sediment analysis and dipstick test results has been utilized in human medical laboratories as a screening method to decrease the number of samples requiring manual microscopic review. 4, 6, [13] [14] [15] These instruments do not completely eliminate the need for manual microscopy or captured image analysis, because pathological samples often are flagged for technician review. 7, 15, 16 The recently introduced IDEXX SediVue Dx ® Urine Sediment Analyzer (SediVue) is the first instrument designed to perform automated urine sediment analysis for veterinary patients. This instrument is closely modeled after the UriSed, but more images are captured, and the image recognition software has been adapted for canine and feline urine. Our objective was to compare the performance of the SediVue with manual microscopy for the detection of clinically relevant numbers of RBC, WBC, sqEPI, nsEPI, struvite crystals (STR), and calcium oxalate dihydrate crystals (CaOx Di) in canine and feline urine sediments.
| MATERIALS AND METHODS

| Urine samples
Prospectively, residual urine (urine leftover after routine analysis) was obtained using samples from client-owned dogs and cats presented to the Texas A&M University Veterinary Medical Teaching Hospital (n = 258). Additionally, residual canine and feline urine submitted to the IDEXX Reference Laboratory in North Grafton, Massachusetts (n = 303) was included in the study. All samples were obtained between August 2015 and February 2017. For study inclusion, ≥1.1 mL was required for centrifugation to obtain sediment for manual microscopy, in addition to approximately 200 μL uncentrifuged urine for SediVue analysis. Urine samples from healthy patients, as well as patients with urologic or non-urologic disease, were permitted.
Multiple samples from the same patient were allowed, as long as >12 hours had passed between sample submissions. Both fresh (analyzed within 24 hours of submission to the laboratory, typically <8 hours) and stored (analyzed >24 hours post-collection) samples were included. Each sample was evaluated by the SediVue (software versions 1.0.0.0 and 1.0.1.3) and by manual microscopy.
| SediVue analysis
For SediVue analysis, 165 μL of well-mixed, uncentrifuged urine was manually pipetted into a disposable cartridge. After a 10-second, onboard centrifugation period, 70 high-quality grayscale images of the sediment (resolution limit, 1.2 μm) were captured by a built-in cameramicroscope system ( Figure 1 ). Together, these images covered an area equivalent to approximately 45 high power fields (×400, hpf 
| Intra-and inter-assay precision for RBC and WBC
The intra-and inter-assay precision of the SediVue for the detection of RBC and WBC were assessed using commercial quality control material (QCM) containing at least some human-derived components (IDEXX SediVue QC fluid, IDEXX Laboratories Inc, Westbrook, Maine). For intra-assay precision, 2 levels of QCM (normal and abnormal) were analyzed 10 consecutive times. For inter-assay precision, 2 levels of QCM were analyzed once daily for 5 consecutive days.
Intra-assay precision also was assessed using residual fresh urine samples. One to 6 samples were included for each of 6 categories:
RBC-low, RBC-medium, RBC-high, WBC-low, WBC-medium, and Table 1 . The centrifuged volume of urine was between 1.1 and 1.4 mL for 3%, 1.5 and 1.9 mL for 8%, 2.0 and 2.4 mL for 13%, 2.5 and 2.9 mL for 18%, 3.0 mL for 57%, and 3.1 and 4.5 mL for 1% of samples.
|
Comparison of SediVue detection of formed elements to manual microscopy using set thresholds Di; and poor for sqEPI ( Table 2 ). In contrast, specificity decreased when elements were evaluated with SW1.0.1.3 compared to the older software version (except for sqEPI), although confidence intervals overlapped for all elements except WBC and STR. The specificity of the SediVue (SW1.0.1.3) was excellent for the detection of sqEPI and CaOx Di; good for RBC, WBC, and nsEPI; and moderate for STR (Table 2) . Based on Cohen's kappa coefficient, agreement between the SediVue and manual microscopy for formed element detection was substantial for RBC, WBC, STR, and CaOx Di, and moderate for sqEPI and nsEPI. Agreement classification based on the coefficients was unchanged between software versions for all elements except sqEPI and nsEPI, which improved from fair to moderate in the newer software version (Table 2 ).
| Evaluation of false-negative and false-positive results for selected elements
The sensitivity of the SediVue for the detection of sqEPI, nsEPI, and CaOx Di was relatively low (<80%) compared with other elements.
Therefore, images tagged using SW1.0.1.3 were reviewed for samples with false-negative results for these elements.
Sixty-seven percent of samples positive for sqEPI on manual microscopy (16/24) had false-negative results on SediVue analysis. were unevenly distributed and did not exceed the required threshold for a positive result.
| Receiver operating characteristic analysis for determination of optimal thresholds
The ROC curves for each element are displayed in Figure 3 , comparing both software versions. The ability of the SediVue to detect nsEPI, STR, and CaOx Di visually improved in SW1.0.1.3, but visual improvement was difficult to discern for the detection of RBC, WBC, and sqEPI. The SediVue (SW1.0.1.3) thresholds with optimal sensitivity and specificity were similar to the original thresholds used for RBC, WBC, nsEPI, and STR, but they were lower for sqEPI and CaOx Di (Table 3) .
| Comparison between canine and feline urine samples
The sensitivity of the SediVue (SW1.0.1.3) compared with manual microscopy was similar for the detection of RBC and STR between canine and feline urine samples. Sensitivity for the detection of WBC in feline urine samples was lower than in canine urine samples, although confidence intervals overlapped (Table 4) . Four of 5 feline urine samples with false-negative results for WBC contained >100
RBC/hpf, whereas 1 sample contained many amorphous crystals.
The number of feline urine samples positive on manual microscopy for sqEPI, nsEPI, and CaOx Di was too low (n < 10 for each element)
to compare sensitivity of the SediVue between species. For all FIGURE 2 Images of unstained urine sediments showing examples of improper identification of formed elements by the SediVue. A, Urine sediment from a dog. A non-squamous epithelial cell (NEC*) is on the right and a probable squamous epithelial cell labeled as an NEC is on the left. B, Densely cellular urine sediment from a cat containing numerous red blood cells (RBC), with fewer white blood cells (WBC) (arrow) and NEC (arrowhead). In this case, the SediVue reported false-negative results for RBC and WBC caused by the extremely crowded nature of the sample; <1 NEC per high power field was observed on both manual microscopy and SediVue analysis. In clinics, this sample would likely be flagged for image review with no results displayed. C, Urine sediment from a dog containing many small calcium oxalate dihydrate crystals (CaOxd*), which were labeled as unidentified crystals (CRYu). D, Urine sediment from a dog containing many calcium oxalate monohydrate crystals that were labeled as struvite crystals (TRI*). A CaOxd was also labeled as TRI. E, Urine sediment from a dog containing many RBC. Occasional RBCs viewed on an angle are identified as TRI. F, Urine sediment from a dog containing debris that was labeled multiple times as TRI (scale bars = 50 μM). *In the version of the SediVue used for the study, non-squamous epithelial cells were labeled as NEC, calcium oxalate dihydrate crystals were labeled as CaOxd, and struvite crystals were labeled as TRI in the generated images elements except nsEPI, specificity of the SediVue was similar between canine and feline urine samples.
| Comparison of fresh and stored urine samples
Comparison of the SediVue (SW1.0.1.3) with manual microscopy for fresh (n = 227) versus stored (n = 303) urine samples disclosed higher sensitivity for STR and higher specificity for RBC in stored urine (Table 5) , but an overlap in confidence intervals was observed for both comparisons. The number of fresh urine samples positive on manual microscopy for sqEPI and CaOx Di was too low (n < 10 for each element) to compare sensitivities.
| Volume comparison
Urine samples were compared to determine if the variation in volume centrifuged for manual microscopy impacted sensitivity or specificity for formed element detection (Table 6 ). Increased sensitivity with increasing volume centrifuged was observed for most elements, but confidence intervals overlapped. 3.8 | Intra-and inter-assay precision for RBC and WBC Intra-and inter-assay precision for QCM (Table 7) and intra-assay precision for patient samples (Table 8 ) indicated that average coefficients of variation (CVs) for each category were <20%.
| Dilutional linearity for RBC
Mean percentages of recovery obtained by the linearity under dilution test in samples 1, 2, and 3 were 114%, 89%, and 179%, respectively. Recovery values ranged from 91% to 102% (mean, 95%) for the high-RBC solutions mixed in various ratios.
| DISCUSSION
We evaluated the performance of the SediVue as compared to manual microscopy for the detection of cells and 2 common crystal types in urine. Overall, the ability of the SediVue (SW1.0.1.3) to detect clinically relevant numbers of formed elements was considered acceptable for RBC, WBC, STR, and CaOx Di (ie, both sensitivity and specificity ranged from moderate to excellent), whereas improvement is needed for accurate detection of sqEPI and nsEPI. Review of the provided images was crucial in determining the reasons for false-positive and false-negative results and supports the opportunity for improved SediVue results when complemented with image reviews. Sensitivity and specificity of the SediVue (SW1.0.1.3) in comparison to manual microscopy for the detection of formed elements in urine samples based on different volumes centrifuged for the manual method (n = 163 for ≤2.5 mL, n = 367 for >2.5 mL) Abbreviations: CV, coefficient of variation; hpf, high power field; N/A, not applicable; RBC, red blood cells; WBC, white blood cells. a The CV could not be calculated for RBC in "normal" QCM, as the numbers of RBC present were too low (<1/hpf ). Furthermore, ROC analysis was utilized to determine optimal thresholds for the detection of each element when compared with the originally defined thresholds for manual microscopy. This substantiated the use of the original thresholds for most elements. However, optimal thresholds for sqEPI and CaOx Di were notably lower, and using the optimal threshold resulted in a substantial increase in sensitivity, albeit at the expense of a mild to moderate decrease in specificity. To determine whether threshold adjustments for these 2 elements should be considered, further evaluation is needed because of the low number of positive samples in our study.
The apparent lower sensitivity for WBC detection in feline urine samples compared to canine urine samples partially could be because of the low number of feline urine samples that contained ≥5 WBC/hpf on manual microscopy (n = 12), which resulted in a wide confidence interval Therefore, the method used in our study does not necessarily reflect the variety of methods utilized by veterinarians in practice.
The volume of urine centrifuged was not standardized in our study in order to maximize the number of samples available for analysis. Although it is preferable to standardize the volume centrifuged, a standard volume of urine is not always submitted to the laboratory.
For the majority of samples in our study (88%), 2.0-3.0 mL urine was Despite the large number of urine samples included in our study, the number of samples positive on manual microscopy for certain elements was low (particularly sqEPI, nsEPI, and CaOx Di), resulting in wide 95% confidence intervals for sensitivity. This was especially a problem for feline urine samples, because they composed a minority of samples. In the future, collection of additional samples would help to more accurately determine the sensitivity of the SediVue for the detection of these elements, particularly in feline urine. For specificity, the 95% confidence intervals generally were much narrower because of the relatively large number of samples considered negative for each element. Therefore, the specificities observed in our study are more likely to be representative of the SediVue for all elements.
Lastly, although our study determined the ability of the SediVue SediVue image from a lowly cellular, unstained urine sediment from a dog containing many lipid droplets, where the image is focused on the lipid plane rather than on the few cells present. On manual microscopy, red and white blood cells were <1/high power field, and no epithelial cells or crystals were observed (scale bar = 50 μM)
